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methods	are	 likely	 to	underestimate	 freshwater	zooplankton	biodiversity	due	 to	 its	
high	species	seasonality	and	cryptic	diversity.	We	test	the	value	of	applying	DNA	bar-
coding	to	diapausing	egg	banks,	in	combination	with	the	creation	of	a	reference	collec-
tion	 of	 DNA	 barcodes	 using	 adult	 individual	 samples,	 to	 characterize	 rotifer	
communities.	We	use	monogonont	rotifers	from	two	lakes	in	Doñana	National	Park	
and	one	from	Ruidera	Natural	Park	in	Spain	as	models	to	create	a	reference	collection	
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1  | INTRODUCTION




exotic	 species	 (Briski	Cristescu,	Bailey,	&	MacIsaac,	 2011;	Mergeay,	
Verschuren,	 &	De	Meester,	 2005;	Myers,	Mittermeier,	Mittermeier,	
Da	Fonseca,	&	Kent,	2000;	Oertli,	Biggs,	Céréghino,	&	Grillas,	2005;	
Sala	 et	al.,	 2000).	 Under	 this	 scenario,	 changes	 in	 the	 zooplankton	
community	 structure	 and	 composition	 can	 be	 noticeably	 dramatic,	
especially	for	passively	dispersed	species,	highlighting	the	urgency	of	
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biodiversity	assessments,	which	are	challenging	due	to	the	time	and	








Rotifera	 is	 one	 of	 the	main	 groups	 of	 zooplankton	 and	 plays	 a	
key	 role	 as	 component	 of	 food	webs	 in	 aquatic	 ecosystems,	 trans-
ferring	 energy	 from	 low	 to	 higher	 trophic	 levels	 (Wallace,	 2002).	
The	 phylum	 is	 classified	 into	 three	 classes,	 Seisonidea,	 Bdelloidea,	
and	 Monogononta,	 and	 comprises	 over	 2,000	 described	 species,	
mostly	 microscopic.	 Monogononta,	 the	 most	 abundant	 and	 mor-
phologically	 diverse	 class,	 includes	1,570	 species	 (Segers,	 2007)	 of	
globally	distributed,	short-	lived	organisms	found	 in	a	wide	range	of	
continental	water	bodies	 from	hypersaline	 to	 freshwater.	However,	
their	supposed	ubiquity	has	been	rejected	because	they	have	shown	
high	levels	of	cryptic	diversity.	For	example,	previous	studies	focused	
on	 rotifer	 alpha	diversity	and	biogeography	 showed	seven	putative	
species	 of	 Brachionus plicatilis	 in	 Spain	 and	 15	 described	 species	
worldwide	(Gómez,	Serra,	Carvalho,	&	Lunt,	2002;	Mills	et	al.,	2016),	







60%	 of	 the	 complexes	 described	 in	 the	 phylum	 Rotifera,	 at	 least	
two	 species	of	 the	 same	 complex	 can	occur	 (Gabaldón,	 Fontaneto,	
Carmona,	Montero-	Pau,	&	Serra,	2016).	A	further	challenge	involved	
in	 assessing	 the	 diversity	 of	 rotifer	 communities	 is	 their	 short	 life	
cycle	with	a	short	generation	 time,	 temperature-	dependent	growth	
rate,	 and	 embryonic	 development	which	varies	 from	 population	 to	
population	 (Herzig,	 1983).	Monogonont	 rotifers	 complete	 their	 life	
cycle	in	5–10	days	and	have	a	generation	time	threshold	of	2–4	days	
in	temperate	lakes	(20–22°C)	(Gillooly,	2000;	Ricci,	2001).	Seasonal	








establish	 egg	 banks,	 potentially	 integrating	 spatiotemporal	 patterns	
of	 community	 diversity,	 increasing	 generation	 time	 and	 decreasing	
population	 growth	 rate	 (Brendonck	&	De	Meester,	 2003;	DeStasio,	






samples	 are	 required	 for	 an	 accurate	 characterization	 of	 zooplank-
ton	communities	(Duggan,	Green,	&	Shiel,	2002;	Havel,	Eisenbacher,	
&	 Black,	 2000;	 May,	 1986;	 Mergeay	 et	al.,	 2005;	 Vandekerkhove,	
Declerck,	 Jeppesen,	 et	al.,	 2005).	 In	 other	 planktonic	 invertebrates,	
such	 as	 cladocerans,	 diapausing	 stages	or	 ephippia	 can	display	very	
species-	specific	 morphologies	 (e.g.,	 size,	 shape,	 color,	 and	 external	
sculpturing	or	ornamentation)	and	they	have	been	successfully	used	
for	species-	level	identification	(Pourriot	&	Snell,	1983;	Vandekerkhove	
et	al.,	 2004).	 In	 contrast,	 although	 rotifer	diapausing	eggs	 can	 show	
genus-	specific	morphological	features	(Walsh,	May,	&	Wallace,	2016),	
high	intraspecific	morphological	variability	and	absence	of	useful	diag-
nostic	characters	have	precluded	 their	use	 for	species-	level	 identifi-
cation	(Brendonck	&	De	Meester,	2003;	Gilbert,	1974,	1995),	leading	













2014;	 Schröder,	 2005;	 Schwartz	 &	 Hebert,	 1987;	 Vandekerkhove,	
Declerck,	 Brendonck,	 Conde-	Porcuna,	 Jeppesen	 and	 De	 Meester,	
2005).
A	 significant	 improvement	 for	 the	 analysis	 of	 rotifer	 diapausing	




or	 adults.	 DNA	 barcoding	 and	 DNA	 taxonomy	 offer	 a	 complemen-
tary	tool	to	traditional	taxonomy	and	to	quantify	global	biodiversity,	
especially	 for	 groups	 whose	 morphology	 is	 uninformative,	 plastic,	
and/or	 difficult	 to	 describe	 (Fontaneto,	 Flot,	 &	Tang,	 2015;	Hebert,	
Ratnasingham,	 &	 deWaard,	 2003).	 DNA	 barcoding	 consists	 of	 the	
sequencing	 and	 analysis	 of	 a	 DNA	 fragment	 of	 the	 mitochondrial	





the	analysis	of	variation	 in	genetic	data	 for	delimiting	 species.	DNA	
barcoding	and	analytical	tools	of	DNA	taxonomy	have	offered	a	very	
productive	 approach	 to	 uncover	 cryptic	 species	 complexes	 (Birky,	
Wolf,	Maughan,	Herbertson,	&	Henry,	2005;	Fontaneto	et	al.,	2007;	
Fujisawa	&	Barraclough,	2013;	Hebert	et	al.,	2004;	Leasi	et	al.,	2013;	
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Puillandre	et	al.,	2012).	DNA	taxonomy	has	indeed	revealed	that	most	
rotifer	 taxonomic	 species	 analyzed	 are	 actually	 species	 complexes	
both	in	monogonont	(Derry,	Hebert,	&	Prepas,	2003;	Leasi	et	al.,	2013;	
Mills	et	al.,	2016;	Obertegger,	Fontaneto,	&	Flaim,	2012;	Obertegger	








revealing	 the	 presence	 of	 several	 potential	 cryptic	 species	 (García-	
Morales	&	Elías-	Gutiérrez,	2013),	and	for	studies	on	the	dispersal	and	




acterize	 zooplankton	communities.	To	do	 so,	we	collected	 sediment	








2  | MATERIALS AND METHODS
2.1 | Study sites
Samples	 were	 taken	 from	 three	 lakes	 located	 in	 two	 regions	 with	
different	 limnological	 and	 geographic	 characteristics	 (Figure	1).	
Tinaja	 Lake	 is	 located	 in	Ruidera	Natural	 Park	 in	Central	 Spain,	 be-













able	seasonally	and	annually,	and	this	 is	 reflected	 in	drastic	 fluctua-
tions	of	water	level,	physical–chemical	and	biological	parameters,	and	
temporal	character	of	the	freshwater	bodies.	Santa	Olalla	and	Dulce	
are	 contiguous	 ponds	 fed	 by	 groundwater	 and	 rainfall,	 permanent	
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zooplankton	 composition	 changes	 seasonally	 and	 annually,	with	 ro-
tifers	as	predominant	group,	mostly	 from	the	genus	Brachionus,	 fol-
lowed	by	cladoceran	and	copepods	(López,	Toja,	&	Gabellone,	1991;	










with	 a	 Van	Dorn	 sampler	 in	 Ruidera	 or	 a	 tube	 sampler	 (6.8	cm	 di-




A	sediment	 subsample	of	6	g	 (wet	weight)	 from	 the	 center	of	 each	
2-	cm	slice	was	 taken	 for	 further	processing.	We	used	 the	modified	
sucrose	flotation	technique	to	isolate	diapausing	eggs	from	the	sedi-
ments	 (Gómez	et	al.,	2002).	The	supernatant	was	 filtered	 through	a	
10 μm	Nytal	mesh	 and	 the	 filtrate	washed	with	 distilled	water	 and	














1994).	 Each	 50	μl	 PCR	 contained	 5	μl	 of	 template	 DNA,	 2	mM	 of	
MgCl2,	0.2	mM	of	each	nucleotide,	0.2	μM	of	each	primer,	5	μl	of	10×	
NH4	 Bioline	 buffer,	 and	0.5	U	of	BioTaq	DNA	polymerase	 (Bioline).	
Amplification	 was	 performed	 in	 a	 Veriti	 thermocycler	 (Applied	
Biosystems)	 with	 the	 following	 cycling	 profile:	 1	 cycle	 of	 3	min	 at	
93°C;	40	cycles	of	15	s	at	92°C,	20	s	at	45°C,	and	30	s	at	70°C;	and	
3	min	 at	 72°C.	 Samples	 giving	 clear	 strong	 single	 bands	 were	 se-
quenced	 in	 both	 directions	 by	 Macrogen	 Inc.	 (South	 Korea)	 using	
3730XL	 DNA	 analyzer	 (Applied	 Biosystems,	 USA).	 Chromatograms	




quences	 in	 this	study	 (Dataset	S1	hereafter).	The	aim	of	 this	data-
set	is,	firstly,	to	identify	diapausing	eggs	matching	with	their	adults,	
which	served	as	a	 reference	collection	of	 the	study	sites,	as	all	 in-
dividuals	were	 identified	 to	morphospecies;	 and	 secondly,	 to	 esti-
mate	the	hidden	biodiversity	by	detecting	potential	cryptic	species.	























bdelloid	 rotifer	Philodina roseola	as	an	outgroup	 (GenBank	accession	





tings:	 a	 general	 time	 reversible	with	 gamma	distribution	 and	 invari-
able	sites	nucleotide	substitution	model	 (GTR	+	г	+	I)	 for	Dataset	S1	




for	 the	 remaining	 parameters.	 We	 created	 ultrametric	 phylogenies	
based	 on	 each	 COI	 dataset,	 and	 the	 phylogenetic	 analysis	was	 run	
with	two	independent	searches	for	80,000,000	generations	with	trees	
sampled	 every	 10,000	 generations,	with	 a	 total	 number	 of	 trees	 of	
8,000	for	Dataset	S1.	For	Dataset	S2,	the	phylogenetic	analysis	was	
run	with	two	independent	searches	for	100,000,000	generations	with	








To	 identify	 the	 presence	 of	 independently	 evolving	 entities	 (puta-
tive	 cryptic	 species)	 in	 both	COI	 datasets,	we	used	 the	 generalized	
mixed	Yule	coalescent	method	 (GMYC),	a	 robust	 tool	 for	delimiting	
species	 using	 single-	locus	 data	 (Fontaneto	 et	al.,	 2007;	 Fujisawa	 &	
Barraclough,	 2013;	 Pons	 et	al.,	 2006).	 It	 is	 a	 likelihood	method	 de-
signed	 to	 delimit	 independently	 evolving	 species	 by	 fitting	 within-	
and	between-	species	branching	models	to	reconstructed	gene	trees.	
GMYC	models	 were	 run	 on	 the	 previously	 constructed	 ultrametric	






genetic	distances	 for	species	delimitation	 (a	gap	between	 intra-	and	
interspecific	 diversity),	 the	 “barcoding	 gap”	 (Puillandre	 et	al.,	 2012).	
We	applied	ABGD	to	Dataset	S1	and	Dataset	S2	separately	with	all	












3.1 | Sample processing and molecular analyses
The	processing	of	12	g	(wet	weight)	of	sediment	in	each	lake	resulted	
in	a	 total	of	193	putative	 rotifer	diapausing	eggs	 (Santa	Olalla	6.08	
eggs/g,	Dulce	6.58	eggs/g,	and	Tinaja	3.41	eggs/g).	These	eggs	were	




(García-	Roger,	 Carmona,	 &	 Serra,	 2006).	 Additionally,	we	 identified	





identified.	 These	 samples	were	 then	 used	 as	 a	 reference	 collection	
to	 assign	 diapausing	 eggs	 to	 particular	 taxonomic	 species	 by	 DNA	
barcoding.
3.2 | Estimation of rotifer taxonomic diversity 
from the diapausing egg bank
We	 obtained	 a	 total	 of	 210	 new	 sequences	 from	 all	 three	 loca-




and	 BI	 phylogenetic	 analyses	 (Figure	2).	 The	 consensus	 of	 10,000	




and	was	 the	most	 likely	model	 (likelihood	of	null	model:	251.9922,	
ML	of	GMYC	model:	293.8043,	 likelihood	ratio:	83.62426,	LR	 test:	
<0.0001).	 Sequences	 from	 diapausing	 eggs	 belonged	 to	 35	 GMYC	
entities,	 while	 zooplankton	 sample	 belonged	 to	 24	 entities	 (see	
Table	1	 and	 Figure	2).	 These	 results	 showed	 how	 each	 diapausing	
egg	morphotype	belonged	to	a	different	GMYC	entity,	but	also	that	




ing	 egg	morphotypes	 belonged	 to	 the	 same	 operational	 taxonomic	




which	 had	 no	 assignment	 with	 adults,	 were	 classified	 into	 genera	
Brachionus,	 Lecane,	 and	Polyarthra.	 In	 Tinaja,	 six	 of	 nine	 diapausing	
egg	 morphotypes	 were	 identified	 to	 species	 level	 with	 their	 adult	
rotifer	isolated	from	the	water	samples.	Sequences	from	diapausing	
egg	 morphotype	 Brachionus quadridentatus	 were	 grouped	 within	 a	
group	of	sequences	from	Dulce	and	Santa	Olalla,	and	the	Proales	sp.	
diapausing	 egg	morphotype	were	 classified	 to	 genus	 level.	 In	 sum-





with	 14	 GMYC	 entities,	 8	 Brachionus	 species	 in	 Santa	 Olalla	 and	
Dulce	lakes:	Two	are	B. plicatilis	which	are	followed	in	order	of	abun-
dance	 by	 B. calyciflorus,	 Brachionus angularis,	 Brachionus variabilis,	
Brachionus budapestinensis,	 Brachionus leydigi,	 and	 B. quadridenta-
tus,	the	latter	containing	three	independent	GMYC	entities,	one	of	
them	 containing	 sequences	 from	Doñana	 and	 Ruidera.	 The	 genus	
Hexarthra	 showed	 two	main	 species,	Hexarthra mira	 and	Hexarthra 
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fennica	in	Doñana,	and	a	third	H. fennica	from	Tinaja	sediment	sam-







type	 and	 one	 included	 a	 single	 diapausing	 egg	 from	 Dulce	 Lake,	
and	the	other	contained	two	diapausing	eggs	from	Tinaja	and	Dulce	
lakes.	Keratella tropica	 from	both	Doñana	 lakes	 split	 in	 two	GMYC	
entities.	A	 group	 of	 diapausing	 eggs	 identified	 as	Trichocerca	 type	
formed	an	independent	GMYC	entity	from	Trichocerca similis.	Seven	
diapausing	 egg	 sequences	 (three	 from	 Santa	 Olalla	 and	 two	 from	














trix	 (uncorrected,	 JC	 or	 K2P)	 had	 little	 influence	 on	 the	 results	
(see	Table	S2).	The	groupings	delimited	by	ABGD	were	highly	con-


















morphotypes N seq N DE N AR H GMYC entities Taxon Location
DEM1 1 1 0 1 1 Fam.	Flosculariidae Tinaja
DEM2 15 12 3 2 1 Filinia longiseta Santa	Olalla,	Dulce
DEM3 1 1 0 1 1 Fam.	Collothecidae Tinaja
DEM4 9 6 3 5 2 Hexarthra fennica Santa	Olalla,	Tinaja
DEM5 7 5 2 1 1 Hexarthra mira Dulce
DEM6 9 7 2 4 4 Lecane	spp. Dulce,	Tinaja
DEM7 1 1 0 1 1 Fam.	Notommatidae Tinaja
DEM8 10 2 8 2 1 Asplanchna brightwellii Santa	Olalla
DEM9 17 13 4 7 4 Polyarthra vulgaris Santa	Olalla,	Dulce,	Tinaja
DEM10 15 13 2 4 2 Trichocerca	spp. Tinaja
DEM11 17 12 5 3 2 Keratella tropica Santa	Olalla,	Dulce
DEM12 2 1 1 1 1 Proales	sp. Tinaja
DEM13 2 1 1 2 1 Brachionus budapestinensis Dulce
DEM14 46 28 18 3 2 Brachionus plicatilis Santa	Olalla,	Dulce
DEM15 17 11 6 5 1 Brachionus calyciflorus Santa	Olalla,	Dulce
DEM16 12 5 7 8 3 Brachionus quadridentatus Santa	Olalla,	Dulce,	Tinaja
DEM17 4 4 0 3 4 Brachionus	spp. Santa	Olalla,	Dulce
DEM18 10 7 3 1 1 Brachionus angularis Santa	Olalla,	Dulce
DEM19 4 3 1 1 1 Brachionus leydigi Santa	Olalla











TIN25DE,	 TIN40DE,	 and	 TIN62DE	 (DE,	 diapausing	 egg	 sequence),	
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plex	 (Obertegger	 et	al.,	 2014).	 Keratella cochlearis	 from	 Tinaja	 Lake	
belonged	to	the	same	GMYC	entity	that	an	unpublished	K. cochlearis 
sequence.	 Our	 B. calyciflorus	 sequences	 were	 included	 in	 the	 same	
GMYC	entity	than	B. calyciflorus	sequences	from	the	Netherlands	and	






locations	 (Table	3).	 Our	 approach	 retrieved	 higher	 number	 of	 taxa	
for	 both	 Doñana	 lakes	 than	 in	 previous	 studies	 using	 conventional	
sampling	techniques	in	the	zooplankton	(Galindo,	Mazuelos,	Mata,	&	
Serrano,	1994;	Guisande,	Granado-	Lorencio,	Toja-	Santillana,	León,	&	
León-	Muez,	 2008;	 López	 et	al.,	 1991).	However,	 in	Tinaja	 Lake,	 our	








barcoding	 individuals	 sampled	 from	the	water	column,	 to	which	we	
assigned	sequences	obtained	from	diapausing	eggs	 from	sediments.	









4.1 | Temporary versus permanent environments
The	success	of	the	application	of	barcoding	to	diapausing	egg	banks	
might	differ	between	ponds	with	different	hydrology,	as	this	is	known	
to	 influence	 the	 investment	 of	 rotifer	 species	 into	diapausing	 eggs.	
Seasonal	 environments	 with	 fluctuating	 conditions	 may	 induce	 a	
higher	diapausing	egg	production	(Altermatt	&	Ebert,	2008;	Cáceres	
&	 Tessier,	 2004;	 García-	Roger,	 Carmona,	 &	 Serra,	 2005;	 Pérez-	




In	 contrast,	 in	 permanent	 habitats	 dormancy	 might	 not	 be	 strictly	
necessary,	and	asexual	reproduction	would	be	favored	(Serra	&	King,	
1999;	 Schröder,	 2005);	 therefore,	 some	 common	 rotifer	 species	 in	
more	permanent	environments	may	either	lack	a	diapausing	egg	stage	
or	 produce	 few	 diapausing	 eggs	 (for	 instance,	 as	 we	 observed	 for	
K. cochlearis	 from	Tinaja	 Lake,	 and	 previously	 reported	 by	Dumont,	
















from	 sediment	 samples,	 as	 optimal	 hatching	 cues	 can	 be	 species-	









1 16 36	(34–38) 251.9922 293.8043 83.62426 −0.020325 36 35
2 148 285	(271–306) 11089.35 11239.9 301.1003 −0.035099 271/37a 252/37a
aNumber	of	GMYC	entities	and	ABGD	groups	obtained	from	our	sequences	in	Dataset	S2	analyses.
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De	Meester,	2005),	as	well	as	the	undescribed	diversity	of	diapausing	
egg	morphologies	 (Gilbert	&	Wurdak,	1978;	Snell,	Burke,	&	Messur,	




pausing	 egg	 production	 in	 some	 species	 or	 habitat	 heterogeneity.	
Hence,	some	discrepancies	between	sediment	samples	and	plankton	
samples	 are	 expected,	 they	 reflect	 the	 differences	 in	 sampling	 in-
tensity	 (zooplankton	 survey	vs	 sediment	 sample).	A	 single	 sediment	
sample	might	reflect	the	biodiversity	or	composition	of	a	diapausing	







cryptic	 complexes	 (B. plicatilis,	B. calyciflorus	 and	P. vulgaris)	 and	 four	
potential	 cryptic	 complexes	 (B. quadridentatus,	 K. tropica,	 H. fennica 
and	Lecane	 spp.).	To	verify	 the	presence	of	cryptic	 species	we	used	
DNA	 taxonomy	 analyses,	 which	 provided	 higher	 taxonomic	 resolu-






egg	and	adult	samples	were	B. angularis,	B. budapestinensis,	B. leydigi,	
and	B. variabilis.	The	remaining	four	Brachionus	groups	were	singletons	








and	 Flosculariidae	 adults	 in	 the	 water-	column	 samples	 is	 not	 sur-





The	 application	 of	 GMYC	 and	 ABGD	 analysis	 to	 Dataset	 S2	








et	al.	 (2011),	 probably	 a	 cosmopolitan	 species	 also	 collected	 in	 the	
Netherlands	and	China.	In	Doñana,	Dulce,	and	Santa	Olalla	lakes,	the	
most	abundant	monogonont	rotifer	was	B. plicatilis	 in	both	sediment	






















Tinaja 14 12 7 14 12 7 18	morphospecies	and	15	samples	(2008–2011)a
25	morphospecies	and	four	samples	(2001–2002)b
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to	form	a	species	complex	 is	B. quadridentatus,	which	 includes	three	
independent	 OTUs,	 two	 from	 Doñana	 lakes	 and	 a	 third	 one	 from	
Doñana	and	Ruidera.	One	of	these	OTUs	includes	a	B. quadridentatus 



























umn	and	sediments	 in	Santa	Olalla	and	Dulce	 lakes,	although	 it	 is	not	
clear	if	both	cryptic	species	coexist	at	the	same	time	in	the	water	column.
An	emerging	and	highly	promising	molecular	approach	and	alterna-
tive	 technique	 to	DNA	 barcoding	 zooplankton	 communities	might	 be	
















with	 the	 rapidly	 improving	 rotifer	 reference	 collection	 of	DNA	 bar-
codes	can	be	an	efficient	method	to	characterize	rotifer	communities	
from	lentic	aquatic	systems.	These	results	agree	with	previous	studies	
that	 have	 shown	 how	 the	 zooplankton	 community	 characterization	
from	diapausing	egg	banks	is	more	effective	than	intensive	samplings	



























from	 the	 Evolutionary	Group	 in	Hull	 for	 their	 help	 and	 advice	 dur-











DNA	 sequences:	 GenBank	 accessions:	 KY749339–KY749548.	
Final	DNA	sequence	assembly	of	Dataset	S1	and	Dataset	S2:	online	
Supporting	Information.
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